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Genomes are constantly challenged by invaders, so determining what belongs is crucial. Small RNAs silence
alien DNA, but Conine et al. (2013), Seth et al. (2013), and Wedeles et al. (2013) now report in Cell and
Developmental Cell that these tiny transcripts can also license trusted DNA for expression.One of the very first functions coupled
to RNAi-related processes was defense
against molecular parasites. Although
countless papers have reported on the
silencing effects of small RNAs directed
against such agents, in many cases it
remains an open question how organ-
isms initially recognize novel pathogens
whose sequence they have never
encountered before. One possible de-
fense strategy relies on the replicative
nature of these species, trusting that at
some point in time an insertion will land
in a particular region of the genome
from which the host constantly makes
small RNAs. In other words, all DNA is
considered ‘‘okay,’’ as long as it is not
trapped in one of these sources of small
RNA. A completely opposite strategy
would be to label all DNA as ‘‘bad’’ and
to then only license ‘‘good’’ genes for
expression. In Caenorhabditis elegans,
this latter model had been proposed,
and three new papers—Conine et al.
(2013) in Cell and Seth et al. (2013) and
Wedeles et al. (2013) in this issue of
Developmental Cell—now present more
experimental evidence for a strategy
based on a ‘‘licensing list.’’ Strikingly,
small RNAs appear to be used as the
molecular memory for both the bad and
the good (Figure 1).
In C. elegans, the recognition of ‘‘bad’’
transcripts is carried out through the
Argonaute protein PRG-1 using piwi-
interacting RNAs (piRNAs) (21U RNAs)
as guides to identify its targets (Figure 1).
Recognition by PRG-1 triggers the
recruitment of an RNA-dependent RNA
polymerase that uses the PRG-1-marked
transcript as a template, resulting in a
new population of small RNAs (22G
RNAs) that is antisense to the original
PRG-1 target. These 22G RNAs are
loaded into the worm-specific Argonauteproteins WAGO-9/HRDE-1 and WAGO-
10. Interestingly, HRDE-1 enters the
nucleus, where it inhibits transcription of
the gene producing the PRG-1-targeted
transcript (Ashe et al., 2012; Buckley
et al., 2012; Shirayama et al., 2012).
Once established, this transcriptional
silencing response can be maintained for
many generations, even in the absence
of PRG-1, indicating a multistep process
that is initiated by PRG-1 and maintained
by HRDE-1 (Ashe et al., 2012; Luteijn
et al., 2012; Shirayama et al., 2012). Tak-
ing into account the more than 30,000
annotated piRNAs (Gu et al., 2012), as
well as the fact that they only need partial
complementary to identify a target (Bagijn
et al., 2012; Lee et al., 2012), almost any
foreign sequence, such as GFP-encoding
transgenes, can be recognized. There
is one problem, however. The same
complexity also marks most, if not all, of
the worm’s own genes as PRG-1 targets.
Yet these obviously escape silencing.
Moreover, stably expressing transgenes
have been created in the past, demon-
strating that somehow silencing can be
prevented. Interestingly, some stably ex-
pressing transgenes are capable of acti-
vating normally silenced transgenes in
trans (Shirayama et al., 2012), suggesting
the existence of a diffusible agent able to
activate genes. Related to this idea, it was
found that the only essential Argonaute of
C. elegans, CSR-1, is loaded with small
RNAs derived from expressed genes
and that CSR-1 does not downregulate
these targets (Claycomb et al., 2009).
Hence, it was proposed that CSR-1
might be involved in this gene-activating
phenomenon.
This is where the papers by Seth et al.
(2013), Conine et al. (2013), and Wedeles
et al. (2013) come in. First, Seth et al.
(2013) show that the trans-activatingDevelopmental Cell 27, Dactivity of an active transgene requires
CSR-1. Consistently, CSR-1, but not
WAGO-10 or HRDE-1, was found to pref-
erentially bind 22G RNAs from active
transgenes. Interestingly, Seth et al.
(2013) also report that the activated status
can be transmitted onto a normally
silenced transgene, i.e., the normally
silent transgenes can now maintain
expression when separated from the acti-
vating transgene as well. This suggests
that the activated transgene slowly starts
to produce its own CSR-1-bound 22G-
RNA pool. Still, on their own, such acti-
vated transgenes eventually fall back
into a silenced state in a process that
requires PRG-1. Interestingly, the more
generations the two transgenes are
together, the more generations it takes
before resilencing initiates, possibly
reflecting the accumulation and dilution
of a CSR-1 22G RNA pool.
While the experiments provided by
Seth et al. (2013) are suggestive, they
remain correlative. Direct mechanistic
evidence for the idea that CSR-1 might
directly act to activate genes is provided
by the intriguing Wedeles et al. (2013)
study. Using a tethering system, these
authors forced CSR-1 onto a (likely
nascent) transcript from a GFP-encoding
transgene, triggering its activation. In
addition, tethered CSR-1 protects this
transgene from the normally fully pene-
trant silencing effect of another, silenced
GFP transgene. Curiously, the CSR-1-
tagged transcript can start to activate in
trans a normally silenced GFP transgene
that itself does not bear tethering sites.
This suggests that the tethering of CSR-
1 results in the buildup of a diffusible
agent that can then target CSR-1 in a reg-
ular manner to another, homologous
transgene. Likewise, the reactivation of a
silenced transgene through the tetheringecember 23, 2013 ª2013 Elsevier Inc. 599
Figure 1. Model for How Argonautes Differentially Affect Gene Expression in C. elegans
CSR-1 is loaded through ALG-3/4 and triggers loading of ALG-3/4 in the next generation. CSR-1 enters the nucleus, where it stimulates transcription. In parallel,
PRG-1 triggers WAGO-10 and HRDE-1 activity. WAGO-10 silences in the cytoplasm, while HRDE-1 inhibits transcription. Transcriptional responses act directly
on RNAPolymerase II (PolII) and/or via chromatin. CSR-1 counteracts silencing in the cytoplasm and/or the nucleus, likely resulting in depletion of HRDE-1-bound
small RNAs.
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again suggesting that something has to
build up over generations in order to
establish activation. Are these CSR-1-
bound small RNAs? Unfortunately, small
RNAs were not sequenced from these
strains, so the question of whether teth-
ered CSR-1 triggers 22G RNA production
remains to be addressed.
To what extent are these transgene-
related observations relevant to regular
genes? The simple fact that csr-1 is an
essential gene shows that this gene-acti-
vating mechanism is extremely important.
Presumably, without it, gene-silencing
activities dominate and start to silence
essential parts of the genome. Adding to
the importance of this pathway, Conine
et al. (2013) report that CSR-1 acts
together with the two Argonaute proteins
ALG-3 and ALG-4 to stimulate gene
expression during spermatogenesis and
that this stimulatory effect is required in
order to maintain the expression of sper-
matogenesis genes over the course of600 Developmental Cell 27, December 23, 20generations. Studies on elongating PolII
occupancy and pre-mRNA levels of
ALG-3/4 and CSR-1 target genes suggest
a rather direct effect on transcription.
The data furthermore suggest that
ALG-3/4 activity triggers the biogenesis
of CSR-1-bound 22G RNAs (although
a lack of CSR-1 loading in the
absence of ALG-3/4 has not been dem-
onstrated) and that, in turn, CSR-1 stimu-
lates the biogenesis of ALG-3/4-bound
small RNAs.
These three papers represent an
important step forward in our under-
standing of how C. elegans balances
gene activity over generations and how
the worm recognizes self from non-self
(Figure 1). Many observations do, how-
ever, still lack explanations. For example,
why is CSR-1 haploinsufficient (observed
by Seth et al., 2013), and why do inde-
pendently created, genetically identical
transgenic lines behave differently?
Looking beyond these questions, we
already learned the following important13 ª2013 Elsevier Inc.lesson: geneticists will need to be fully
aware of the genetic history of an allele
if one wants to understand its epigenetic
behavior. If we want to untangle the
complex behaviors of epi-alleles, we will
have to start using a labeling system
that tracks the allele’s genetic history,
much like how different strain names
are used to mark genetically identical
strains established through different ge-
netic histories.REFERENCES
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Molecular insights into the genetic control of development have beenmainly derived from single genemutant
studies. Francesconi and Lehner (2013) report now in Nature a genome-wide map of natural sequence
variants that affect the temporal expression dynamics of thousands of genes during development of the
roundworm Caenorhabditis elegans.It is well established that developmental
control in multicellular organisms is
governed by temporal and spatial modu-
lation of gene expression programs.
However, how much these programs
differ according to genotype has not
been comprehensively studied. Indeed,
population-level studies have already
provided novel insights into the genetic
architecture governing tissue-dependent
(Dimas et al., 2009), cell-state-dependent
(Gerrits et al., 2009), sex-dependent
(Massouras et al., 2012), and age-depen-
dent (Vin˜uela et al., 2010) gene regulation,
but the nature and extent of variation in
gene expression during a developmental
program remained so far unknown. In
a recent paper published in Nature by
Francesconi and Lehner (2013), thou-
sands of genetic variants have now been
identified in Caenorhabditis elegans that
alter gene expression levels (so-called
expression quantitative trait loci, or
eQTLs) during a 12 hr time period of
development, shedding new light on the
genetic architecture of developmental
gene regulation.To identify these eQTLs, Francesconi
and Lehner (2013) used an elegant
approach to time stamp at high resolution
developmental gene expression profiles
of more than 200 recombinant inbred
advanced intercross lines (RIAILs) de-
rived from two divergent strains of
C. elegans (the Bristol [N2] and Hawaii
[CB4856] strains). For this purpose, they
used a reference gene expression time
series and multivariate statistics, allowing
them to obtain a physiological age
estimate for each RIAIL. Remarkably,
changes in relative gene expression
levels were observed for the majority of
genes (94%) within the narrow 12 hr
time interval (centered on the late larval
four [L4] developmental stage), and
genes active at distinct physiological
ages were enriched for tissue-specific
gene expression signatures, consistent
with the known developmental stages of
C. elegans.
The authors then used 1,455 genetic
markers and a linear regression model to
detect local (cis) eQTLs for 19% of all ex-
pressed genes. Several significant find-ings of this study emerged when the
authors went beyond this standard eQTL
mapping analysis by adding physiological
age as a covariate to their model, which
enabled them to uncover substantially
more cis-eQTLs (29%). The latter result
suggests that a large number of tempo-
rally regulated genes experience genetic
perturbations at distinct stages during
development. Interestingly, while the ma-
jority of cis-eQTL effects are static, i.e.,
the genetic effect on gene expression
levels is additive over time (Figure 1A),
more than 900 cis-eQTLs alter the
dynamics of gene expression during the
investigated 12 hr time interval. Such
dynamic cis-eQTLs exhibit diverse and
complex properties as they affect the
magnitude, timing, rate, or shape of
expression during development (Fig-
ure 1A). For example, the Bristol and
Hawaii alleles exhibit overall different
levels of expression of the longevity
gene gst-10 and a markedly different
shape of temporal expression.
Francesconi and Lehner (2013) further
tested the effects of distant (trans) geneticecember 23, 2013 ª2013 Elsevier Inc. 601
